Printed electronics is one of the emerging technologies owing to its low cost and productivity. Recently, many researchers tried to adapt printing technology to the fabrication of fine electronic patterns on flexible substrates, including the gate line of thin film transistors. In this study, we fabricated a flexible cliché using the nanoimprint process and used it in reverse offset printing. Then, we analyzed the effect of the surface energy of the imprinted cliché on process parameters, such as printing speed and rolling direction. We showed that the productivity of the process and quality of printed pattern can be considerably enhanced by controlling the surface energy of the cliché. When a flexible cliché is manufactured using a resin with a surface energy considerably different from that of the blanket, the ink can be detached easily and fine patterns can be engraved successfully regardless of the pattern shape.
Introduction
Thin-film transistors (TFTs) are widely used and have various applications in the electronics industry, such as smart cards, radio frequency identification (RFID) tags, display backplanes including liquid crystal displays (LCDs) and electronic paper, and organic light emitting diode (OLED) devices [1] [2] [3] [4] [5] [6] . Until now, TFTs were generally manufactured by the conventional photolithography process, though it is complicated and not eco-friendly because of multiple steps and chemical waste. In a TFT used in LCDs, the metal line may shield backlight emission, which causes the energy output to be reduced. Therefore, as the line width is minimized, the transmittance is increased and energy efficiency can be much higher. In addition, in a TFT used in OLEDs, the width of the metal line should be reduced to obtain a smaller pixel size than the current commercialized OLED devices because of increased on-current and switching speed [7, 8] . However, to obtain a thin line width, the manufacturing cost of the conventional process is extremely high.
Meanwhile, printed electronics technology for fabricating various electronics by applying printing techniques is an emerging area [9] . The implementation of printed electronics technology will bring many advantages to the industry [10] [11] [12] [13] . In particular, the current photolithography process will be innovatively simplified and no expensive large-scale vacuum equipment will be required. The Si-based semiconductor process will be replaced by a film-based process, and a roll-to-roll continuous process will be implemented, which can reduce the cost of production and drastically raise productivity [14] . Additionally, the consumption of materials and energy needed for conducting the process can be reduced, which leads to the creation of an eco-friendly process. Further, the discharge of chemical wastes can be minimized as electronics manufacturing can be performed strategically and selectively. However, there are still many limitations in printing technology, such as obtaining very small line widths of the order of nanometers on large-area substrates and improving production speed without defects. Lee et al. developed a gravure offset printing system for large-area printing to obtain flat panel displays [15] . Grau et al. demonstrated 2 µm features using gravure roll printing with very high printing speeds on the order of 1 m/s [16] . Competitively, there is reverse offset printing that can reduce the pattern size even more, but at a slower printing speed. Choi et al. investigated the mechanism for reverse offset printing based on a mathematical model. They presented a criterion for successful printing considering adhesion and cohesion strength [17] . Kim et al. fabricated organic thin-film transistors with a reverse offset printed Ag metal source/drain electrode pattern [18] . Despite the fact that the cliché plays an important role in reverse offset printing, there is still a lack of research focusing on the cliché.
In this study, we tried to determine ways to improve productivity while reducing the line width when applying the printing method. As it is known that the reverse offset printing process is a method that can achieve high resolution and high quality of fine micropatterns among all the printed electronics techniques developed so far, we used this technique for our experiments [19] . In terms of productivity, to reduce the manufacturing lead time, the speed of the roller can be increased, or the travel time or the waiting time between processes can be decreased. For this purpose, it is essential to find ways to improve ink performance or to reduce coating time. However, these remedies are difficult to implement and can directly affect the properties of the final product. As the bottleneck of production time is caused by the off-speed, we attempted to find ways to improve the ink off-speed from the coated blanket to the cliché. Previously, glass or a Si wafer was used as the cliché material. In this study, we determined that the polymer pattern transferred by the imprint process onto the plastic film can be used as the cliché material. In addition, as the surface energy of cliché can be controlled using this flexible type cliché, the off-speed can be dramatically enhanced. Finally, the metal pattern acting as the TFT gate line could be printed with approximately 2 µm width, and the printing speed was 50 mm/s, which is ten times higher than previously reported printing speeds.
Fabrication of Cliché and Reverse Offset Printing
The main purpose of this study was to test the performance of a flexible cliché fabricated using the nanoimprint method. The entire process is divided into the following steps: master production, nanoimprint process, and reverse offset printing phase.
Master Mold Fabrication
A master mold with the desired pattern should be prepared for fabricating the flexible cliché. TFT gate patterns can be of various shapes, but we designed line patterns of various widths and angles because our focus was on minimizing the line width and improving the production speed. The pattern of the master mold has line widths of 2 µm, 3 µm, 5 µm, with line and space ratios of 1:1 and 1:2. The height of the pattern was maintained at 5 µm. These patterns were fabricated using an aligner that was cheap and easy to use, and the Si wafer was etched using reactive ion etching. Figure 1a shows the fabricated master mold and Figure 1b shows the fabricated pattern with an approximately 3-µm width line which is coated by Pt for measurement by a focused ion beam. 
Fabrication of Cliché Using Various Resins
To increase the durability of the mold during repeated ultraviolet nanoimprint lithography (UV-NIL) processes and to separate the cliché smoothly, a surface treatment process to lower the surface energy was conducted. The coating process consisted of forming a self-assembled monolayer (SAM) on the surface of the master mold and reducing the surface temperature. The material used for this process was octadecyltrichlorosilane (OTS). The OTS coating process was carried out by vapor deposition in which the wafer was placed in a beaker, and OTS solution was vaporized using a hot plate kept at a temperature of 120 • C for one hour [20] . The entire process was carried out in an N 2 atmosphere and the vaporized OTS was deposited on the master mold patterns.
After the releasing layer was coated on the surface of the master mold, the cliché was fabricated from UV curable resins using the NIL process. As the role of the cliché is to facilitate detachment of the ink from the blanket, it may be intuitively considered advantageous to make the adhesive force between the cliché and the ink larger than that between the blanket and the ink. In addition, the force with which the cliché pulls the ink must be greater than the cohesion force of the ink [17] . Considering the relationship between these adhesion and cohesion forces, it can be deduced that the ink tends to move away from the blanket toward the cliché as the surface tension of the cliché significantly differs from that of the blanket. To verify this assumption, various resins with different surface energies were selected and the surface energies of each cliché were calculated by contact angle measurements [21, 22] . In detail, the ASTM D5946, water droplet transfer technique, was applied to measure the contact angle and the surface energy can be determined from the experimental contact angle and liquid surface tension based on Berthelot's rule [23] . Table 1 lists the type of resins used in the experiment and the contact angle and the surface energy of the clichés made from each resin. The resins used in the experiments are all UV-curable poly-urethanacrylate (PUA) types and have different viscosities and surface energies by controlling other additional components. For comparison, the surface energies of glass, the Si wafer, PET film, and blanket used in our experiment are also given. The NIL process used for cliché fabrication is as follows. The resin is dispensed on the coated master mold, a substrate is applied on it, and then the rolling process is performed for pressing, while maintaining a conformal contact. As a next step, when the pattern of the master is filled with resin, UV rays with a 365-nm wavelength are incident on it to harden it. The released substrate has the reversed pattern of the master mold. Figure 2 shows the fabricated flexible cliché. The pattern was not broken but remained stable even when the substrate was properly bent. 
Reverse Offset Printing
The process of reverse offset printing used in this experiment is schematically explained in Figure 3 . First, Ag nanoparticles containing ink are spin-coated on a substrate called the coating blanket. Then, the ink is transferred from the coating blanket to the roll blanket wrapped on a cylinder. Next, the roll blanket moves over the cliché with adequate pressure for patterning. Since the cliché has higher adhesion than the roll blanket, the Ag ink in the non-printed area is taken away from the roll blanket. Finally, the remaining Ag ink on the roll blanket is transferred to the final substrate by rolling and pressing, and the process is finished after drying the printed pattern in hot air. In reverse offset printing, the printing quality is determined by the adhesion and cohesion of the ink. At the off step by the cliché, the ink cohesion must be overcome by the adhesion to the blanket to have the ink cut at the edges of the patterns of the cliché [24, 25] . The equipment used in this study is shown in Figure 4 . The ink used in this experiment was ANP Ag ink which has 25 wt % of Ag particles, a viscosity of 1.5 cps, and a surface tension of 24.3 mN/m before spin-coating. In order for the cliché to detach the ink, the adhesive force between the cliché and the ink must be greater than the cohesion force of the ink. Cohesion is a physical property of a substance caused by the intermolecular attraction and it is one of the factors responsible for viscosity. Therefore, rheological properties, like viscosity of the ink, also have a large influence on the transfer. However, in this study, the solvent was evaporated because the ink was spin-coated at the first step, and the viscosity of the pattern off step is thereby significantly different from the original viscosity of the ink. To reduce this complexity, the type of ink was fixed and the printing experiments were carried out. The off-speed ranged from 1 mm/s to 20 mm/s, while the set-speed was fixed at 5 mm/s. The printed pattern was examined using a microscope and we selected PUA1, PUA4, and PUA5 as representative resins to clarify the effect of the surface energy difference. Figure 5 shows the printing patterns obtained at various off speeds for each resin. Referring to the process conditions when using glass-or Si-patterned clichés, the range of the normal printing speed to achieve fine patterns was set from 1 mm/s to 5 mm/s. At 1 mm/s, where the off-speed was slow, there was no significant change in the printing quality, irrespective of the resin used. However, as the off-speed increased to 10 mm/s and 20 mm/s, it was confirmed that a high printing quality could be obtained only when the resin with the highest surface energy was used as the cliché material. When the resin with a surface energy not significantly different from that of the blanket was used as the cliché material, the pattern off process was not effectively performed when the speed was increased. However, when PUA5 with a surface energy of 79.1 mN/m was used, which was considerably different from the surface energy of the blanket, the off process was effective at a high printing speed. Therefore, a high difference in the surface energies of the resin and blanket can enhance the printing speed. Figure 6 shows the results at a printing speed of 50 mm/s using the cliché with high surface energy. Although the speed is nearly 10 times faster than the conventional printing speed, the print quality does not show any sign of deterioration. The relationship between the maximum allowable printing speed and the surface energy difference is expressed by the graph shown in Figure 7 . The larger the difference in the surface energy of the blanket and flexible cliché, the larger is the maximum allowable printing speed. In addition, the printing quality varies depending on the angle between the movement direction of the roller and the pattern, which can also be explained by the relationship between the cohesion force and adhesion force of the ink and substrate. As shown in Figure 8a , if the direction of the roller is aligned with the direction of the pattern, the cliché detaches the ink easily because the amount of ink to be removed from the blanket at one time is relatively small. In addition, once separated ink has continuously encountered the pattern edge, detachment can occur easily, like crack propagation. However, if the direction of the roller is perpendicular to the direction of the pattern, it does not work well because a relatively large amount of ink should be detached from the blanket at one time. That is, in this case, the separation of the ink did not occur continuously, but the separation should be uniformly performed along a large width of the pattern edge. This angle dependency can be improved using a cliché having a high surface energy, as shown in Figure 8b . When a cliché with a surface energy of 79.1 mN/m was used, it was found that even if the direction of the pattern and the rolling were perpendicular to each other, the pattern detachment was efficiently performed and there was no problem in printing. Therefore, it can be concluded that it is effective to use a cliché having a high surface energy to form various patterns, such as the gate line of a TFT. 
Results and Discussion

Conclusions
In this study, we confirmed the possibility of fabricating a flexible cliché that can replace the hard type in the reverse offset printing process using the nanoimprint process. In this study, various types of resins were tested to find ways to improve the printing speed and quality in fabricating fine patterns. When a cliché was fabricated using a material with a surface energy considerably different from that of the blanket, ink was easily and clearly detached from the blanket and transferred to the cliché. This confirms that the higher the surface energy of the cliché, the faster the printing speed. It was observed that productivity was 10 times higher when compared to the process using a hard cliché. In addition, to print various patterns, such as gate lines of TFTs, printing must be possible irrespective of the angle formed between the pattern and direction of the roller. When a flexible cliché is manufactured using a resin with a surface energy considerably different from that of the blanket, the ink can be detached easily and fine patterns can be engraved successfully regardless of the pattern shape. In conclusion, we developed a flexible cliché using a nanoimprint process with materials having a surface energy considerably different from that of the blanket and showed that the printing speed can be significantly increased and printing quality can be improved at the same time.
